Molecules impinge, adsorb, react on these solid surfaces, form intermediates of various lifetimes,' then the products desorb into the gas phase again. However, many of the experiments that study the atomic structure and the electronic structure of adsorbed surface species are static in nature; for example, low-energy electron diffraction, the electron or infrared ~pectroscopy of adsorbed molecules. It is not clear that the static experiments that investigate the properties of adsorbates are studying the same species that are present under conditions of atom transport; therefo~ it would be of great value to combine studies of surface structure and composition with kinetic studies of reaction rate and reaction path.
Introduction
Much of the research on clean solid surfaces is aimed at uncovering elementary steps of surface chemical reactions. Surface reactions or catalyzed surface reactions take place under conditions of atom transport.
Molecules impinge, adsorb, react on these solid surfaces, form intermediates of various lifetimes,' then the products desorb into the gas phase again. However, many of the experiments that study the atomic structure and the electronic structure of adsorbed surface species are static in nature; for example, low-energy electron diffraction, the electron or infrared ~pectroscopy of adsorbed molecules. It is not clear that the static experiments that investigate the properties of adsorbates are studying the same species that are present under conditions of atom transport; therefo~ it would be of great value to combine studies of surface structure and composition with kinetic studies of reaction rate and reaction path.
Over the past several years there has been an intensive effort in my laboratory and in others to develop techniques that permit monitoring the rate of reactions on well-characterized single crystal surfaces of small area. 1 • 2 Presently surface reactions of low reaction probability (less than lo-3 ) can readily be studied on single crystal surfaces of area approximately 1 cm 2 where the ~urface structure and composition is determined by low-energy electron diffraction and Auger electron spectroscopy.
Perhaps one of the most powerful techniques in studies of surface chemical reactions is molecular beam surface scattering. 3 ' 4 We shall discuss this technique briefly below and then review the results of reactive scattering studies and the type of information that becomes s s 0 0 -2-available from these investigations. Then we shall discuss studies of catalytic surface reactions that were carried out on crystal surfaces and.
the relationship of these studies to practical and technologically important catalyst systems. Finally, we shall review some of the important areas of research and the outstanding questions about the fundamental surface reaction steps thay may be answered by experiment or theory. surface atoms -that, however, are not present among the reactants and surface ) products (for example, A2(gas) + B 2 (gas) 2AB(gas) ; 2) the surface atom is ohe of the reactants (A 2 (gas) + S = SA 2 (gas)). Only a few of a· multitude of possible reactions of these two types have been investigated.
We shall review the various studies and the results that aid the un- One of the fundamental questions'of heterogeneous catalysis is how surfaces lower the activation energy for simple reactions on an atomic scale so that they proceed readily on the surface while the same reaction in the gas phase is improbable. The reaction of hydrogen and deuterium molecules to form hydrogen deuteride is one of the simple reactions that takes place readily on metal surfaces even at temperatures below 100 K.
The same reaction is completely inhibited in the gas phase by the large Thus~ atomic steps at the platinum surface must play controlling roles in dissociating the diatomic molecules. Figure 3 shows the scattering distributions from both the (111) and the stepped platinum surfaces. Varying the chopping frequency of the incident molecular beam has yielded HO residence times of about 25 milliseconds on a stepped platinum surface at 700 K surface temperature. Such long residence time should result in complete thermal equilibration between the surface and the reaction products. Indeed, it was found by experiments that the desorbing HO beam exhibits cosine angular distribution as seen in Figure 3 .
The pressure dependence of the exchange reaction indicates that an atom-molecule reaction or possibly an atom-atom reaction on the surface is the rate limiting step. The absence of beam kinetic energy dependence of the rate indicates that the adsorption of hydrogen does not require activation energy. The surface is able to store a suf~ficiently large concentration of atoms which react with the molecules by a two branch mechanism. The rate constants for the H 2 -o 2 reaction were also determined under conditions of constant hydrogen atom coverage. The rate deternrining step below 700 K appears to be the diffusion of o 2 molecules on the surface to a step site that HD is formed by a three-center or a two-center reaction (subsequent to o 2 dissociation at the step). At higher temperatures the reaction between an adsorbed H atom and an incident o 2 gas molecules competes with the low temperature branch. The catalyst action of the platinum surface for the exchange reaction is due to its ability to adsorb and dissociate hydrogen molecules with near zero activation energy and to store atomic hydrogen on the surface, 
Surface Reactions of Other Small t,1olecules
The oxidation of carbon monoxide has been studied on platinum
.sur aces by a mer et a • , onze an u an ernase an omorJa1. The reaction probability was·less than 10 ~ at 820 Kand poisoning of the surface reaction by carbon that builds up on the silver surface was inferred from the experimental data. The hydrogenation of ethylene was studied using the (111) crystal face of platinum. 15 The reaction probability can be estimated to be about 10-4 in the range of 500 .. 700°C. As a result, the formation of ethane could not be detected.
Reactive scattering studies with two or more reactants can be carried out either by using a mixed molecular beam or by preadsorbing one of the reactants on the surface and monitoring the reaction between one of the reactants in the molecular beam and the other reactant that was adsorbed.
Although detailed comparisons between the two modes of reaction have not been made as ye~ it is likely that the surface reaction ·kinetics may change as the reaction conditions are varied in this manner.
Dissociation Reactions
The dissociation of H 2 on tungsten surfaces was studied by Smith and Table 1 . The experiments indicate low surface lifetime for the adsorbed HCOOH molecule. Decomposition was also studied on nickel-copper alloys and the results were compared with those obtained on clean nickel surfaces. The decomposition probability of fornric acid at 5l3°C is approximately 0.9.
In Table 1 we list all the pre-exponential factors, activation energies and reaction probabilities for the surface reactions that were studied by molecular beam scattering techniques and where such data were Olander et a1. 24 has studied the oxidation of both the basal plane and the prism plane of graphite. The product of the oxidation reaction is CO although a small co 2 signal was also detectable during oxidation of the prism plane. The reaction rate was monitored as a function of temperature.
From the chopping frequency dependence of the reaction probability they have concluded that there must be at least two parallel reactions, one slow and one faster, taking place on the graphite surface. For the basal plane the fast reaction is attributed to the migration of atomic oxygen over the surface to reaction sites where oxidation occurs. The rate constant k for this step is given by k = 2.5xl0 7 exp[-30 kcal/RT]sec-1 •
The slow reaction step is the desorption of CO and its rate constant Kd is Surface diffusion is often suggested to be the slow step in surface reactions either between two adsorbates or between the adsorbate and the.
solido It is possible that the low pre-exponential factor that is found for most surface reactions is due to the molecular processes that are associated with the diffusing atoms or molecules. The surface structure or electronic effects are likely to be responsible for the low reaction Table 2 lists the reaction probabilities and the rate constants of gas-surface reactions for which these values have been
reported. First the reaction is studied at low pressure to establish correlation between reactivity and surface structure and composition. Then the same catalytic reaction is studied at high pressures {1 -100 atmospheres) and the pressure dependence of the reaction rate is determined over the nine orders of magnitude range. Then the rates and product distributions that were determined at high pressures on single crystal surfaces are compared with the reactivity of polydispersed small particle catalyst systems.
Our experiments indicate that small surface area (approximately 1 cm 2 ) single crystal catalyst samples can readily be used in studies as long as the reaction rate is greater than 10-6 product molecules per surface atom Then a small cup (total volume approximately 10 cm 3 ) can be placed around the crystal sample that isolates it from the rest of the chamber that can be pressurized to over 100 atmospheres, if desired, using the mixture of gaseous reactants. The high pressure reaction chamber is connected to a gas chromatograph that serves to monitor both rate and product distributions in this circumstance. The structure and composition can be determined in situ by LEED and Auger before and after the high pressure experiment once the cup is removed. The crystal sample may be heated during both low and high pressure experiments and a vacuum of 10-8 torr can be maintained outside the pressurized cup in the reaction chamber. The effect of adding an impurity or a second constitutent· (alloying) to the surface on the reactivity can also be studied in this system. The second constitutent may be vaporized at low ambient pressure onto the surface of the crystalline sample from. a vapor source unti 1 the desired surface coflllosition is obtained. The crystal surface can be cleaned by ion bombardment that is also available as an attachment on the reaction chamber. Most of the low pressure and high pressure studies of catalytic reactions that were' reported were carried out using platinum surfaces. We shall review the results 'of some of these studies that add significantly to our knowledge of the atomic scale mechanism of catalytic reactions. It was found that the dehydrogenation of cyclohexane and cyclohexene tO benzene occurs only on stepped Pt surfaces in an appreciable rate. 28 • 30 Figure 6 shows the step and kink density dependence of the reaction rate of cyclohexene dehydrogenation to benzene to demonstrate thi·s effect.
While the rate increases markedly with increasing step density, it remains relatively unaffected by changes of kink density.
The rate of cyclohexane dehydrogenation to benzene is constant as long as there are steps on the catalyst surface, but it is almost an order of magnitude lower on the Pt{lll) surface as seen in Figure 4 . Thus atomic steps appear to be preferred surface sites breaking H-H and C-H -19-bonds (H-H bond breaking has been studied by the H 2 -o 2 exchange described above 27 ). Cyclohexane undergoes both . . dehydrogenation and hydrogenolysis on the stepped Pt surfaces. The relative rates of these two reactions can best be monitored by the ratio of benzene to n-hexane in the reaction product. As is demonstrated in Figure 7 , the rate of benzene production is independent of step and kink density while n-hexane production increases slowly with step den~ity and rapidly with kink density. Rates of cyclohexane hydrogenolysis to produce n-hexane per kink site is determined by the slope of the line in Figure 78 representing hydrogenolysis and is 1x1o 20 moles of n-hexane/kink atom/sec. This is almost an order of magnitude higher than the slope in Figure 7A which is 1. 
Catalytic Studies at High Pressures on Crystal Surfaces
The ring opening of cyclopropane to fonn propane, the dehydrogenation of cyclohexane to cyclohexene and benzene, the dehydrocyclization of n-heptane to toluene has all been studied at high pressures as well as at low pressures on crystal surfaces. Table 3 
Structure Sensitivity of Catalytic Reactions
There are catalytic reactions .whose rates change by orders of.magnitude by changing the·,catalyst particle size when they were studied over polydispersed supported systems. For other reactions the reaction rate was independent of the catalyst particle size. These two groups were called 11 Structure sensitive" and "structure insensitive" reactions~ respectively. 35 Thh classification can now be expanded to separate those reactions that exhibit step or kink sensitivity into one group .and those that are sensitive to the structure of the overlayer into another group. This is shown in Table 4 . It would be of great value to include in this classification several other hydrocarbon reactions (isomerization~ hydrogenation and oxidation) as more experimental data becomes available.
Studies to correlate the reactivity and the surface structure and * , For bimolecular surface reactions, the pre-exponential factors also include the surface concentration of one of the reactants that is held constant during the ef §eri-me~Ss. These sur~ace concentrations may vary in the range of lo-2 monolayer (10 -10 molecules/em ). Table 4 Classification of Reactions by
I
Step Density and Carbonaceous Overlayer Dependence
Step Structure-Sensitive
Step Structure-Insensitive Step density (atoms/cm 2 ) . 
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